We quantified mRNA abundance from 10 stages in the Giardia lamblia life cycle in vitro using Serial Analysis of Gene Expression (SAGE). 163 abundant transcripts were expressed constitutively. 71 transcripts were upregulated specifically during excystation and 42 during encystation. Nonetheless, the transcriptomes of cysts and trophozoites showed major differences. SAGE detected co-expressed clusters of 284 transcripts differentially expressed in cysts and excyzoites and 287 transcripts in vegetative trophozoites and encysting cells. All clusters included known genes and pathways as well as proteins unique to Giardia or diplomonads. SAGE analysis of the Giardia life cycle identified a number of kinases, phosphatases, and DNA replication proteins involved in excystation and encystation, which could be important for examining the roles of cell signaling in giardial differentiation. Overall, these data pave the way for directed gene discovery and a better understanding of the biology of Giardia lamblia.
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Giardiasis is a major contributor to the enormous burden of human diarrheal diseases, which are second only to respiratory infections as causes of mortality and morbidity worldwide [1] . Nonetheless, the pathophysiology of G. lamblia (synonyms G. intestinalis, G. duodenalis) is not well understood [2] . Although trophozoites are not invasive, Giardia is capable of causing severe and protracted diarrhea that can lead to malabsorption and failure of children to thrive.
On the other hand, about half of infected people are asymptomatic and the infection frequently resolves spontaneously. Thus, both the duration and symptoms of giardiasis are highly variable in immunocompetent people, for reasons that are not understood. Although there is antigenic variation [3] , there is little evidence of stable strain differences in virulence.
G. lamblia has two life cycle stages that are remarkably well-adapted to survival in very different and inhospitable environments [2] . The ovoid cyst form, which is responsible for transmission of giardiasis, persists for months in fresh water at 4°C [4] . Trophozoites colonize the human small intestine and are responsible for disease. Although the cyst was once thought to be a cryptobiotic form, it has ~15% of the oxygen consumption of trophozoites [5] and is competent to pass through the stomach and excyst in the small intestine.
We have used Serial Analysis of Gene Expression (SAGE) [6, 7] to monitor genomewide levels of messenger RNA (mRNA) expression throughout Giardia's life cycle in vitro (Table   1) . SAGE is a powerful tool that does not depend upon construction of gene specific probes or primers, but instead simply samples any polyadenylated RNA transcript that includes a NlaIII restriction site (5'-CATG-3'). In SAGE, a short sequence tag (15 bp) from a unique position of a mRNA molecule is used to uniquely identify the source gene from within the genome.
Sequence tags are isolated from the mRNA pool of a cell and are linked together to form long concatenated molecules that are cloned and sequenced. The population of tags define patterns of expression of individual genes. Quantification of all tags provides a relative measure of gene expression (i.e. mRNA abundance).
Raw SAGE data were deposited to GenBank's GEO database under accession GSE8336. The 338,841 total tags sampled reduced to 22,807 unique 15 bp tag sequences with varying frequencies. Using the nearly complete genome sequence [8], 15,551 (68.2%) tags were assigned to a gene (Table S1) , 625 (2.7%) were unresolvable due to inclusion of adenosine residues from mRNA polyadenylation, 1201 (5.3%) could not be resolved among multiple mappings to the Giardia genome, 4427 (19.4%) mapped outside predicted genes, and 1003 (4.4%) did not map to the Giardia WB-C6 genome sequence. This relative number of unassigned tags is usually seen in SAGE projects [9] and the last group could be due to contamination, sequencing errors, allelic sequence divergence, poorly assembled regions in the genome, and chimeric products. For purpose of analysis, we set aside the 7256 unassigned SAGE tags (Table S2 ) and focused upon transcript abundance, as represented by summed SAGE tag frequencies (sense orientation tags contributing to sense transcript frequencies and antisense orientation tags to antisense transcript frequencies) (Table S1 ). While not an exhaustive sampling of the giardial transcriptome due to both the number of molecules sequenced (for example, compared to Illumina sequencing) and the existence of transcripts without NlaIII sites, SAGE detected transcription of 75.6% of predicted genes in the Giardia genome. As expected from earlier studies, ~20% of transcripts detected by SAGE were in the antisense orientation [10] . We used Stekel et al.'s R-statistic [11] to score transcripts for differential expression among libraries, finding 697 transcripts with significant variation in abundance (R  8) during the Giardia lamblia life cycle (Table S1, Figure 1 ). This analysis is based on a new, extensive curation of the SAGE data of thousands of Giardia's transcripts.
This new data is available on GiardiaDB (www.giardiadb.org) (June 2010 release) to provide the best possible transcript-level expression data (previously GiardiaDB only contained raw, uncurated SAGE data).
163 abundant transcripts were expressed constitutively throughout the Giardia life cycle (Table S1 ), most annotated as hypothetical. Proteins involved in the cytoskeleton, DNA repair, repair of oxidative damage, proton transport, transcription and its regulation, translation, protein trafficking, maturation, and degradation, as well as several kinases and phosphatases were also expressed constitutively (Table S1 ). An additional 6068 transcripts could not receive clear assignment as constitutively or differentially expressed (Table S1 ) as they were not sufficiently abundant (frequencies less than 5 in all SAGE libraries) or had uncertain expression profiles due to SAGE sampling error (R ≥ 2 and R < 8), where chance differences due to random sampling of transcripts could not be differentiated from real differences between transcriptomes [11] .
Giardia takes advantage of host conditions at each step of its descent through the human gastrointestinal tract. Infection is initiated by ingestion of cysts, generally from fecally contaminated water [1, 2] . Exposure of cysts to gastric acid triggers excystation, although the "excyzoite" must not emerge from the cyst until it passes into the small intestine, or it will be killed. This is modeled by Stage 1 (S1) of the in vitro excystation protocol [12] . Upon passage of activated cysts into the small intestine, they are exposed to slightly alkaline pH and host proteases, modeled by excystation Stage 2 (S2). Emergence of the excyzoite begins in S2 and continues after transfer to complex growth medium, which models the nutrient-rich small intestine where trophozoites colonize. Excystation is a complex cellular awakening from dormancy. The emerging quadrinucleate excyzoite undergoes cytokinesis [13] , producing two trophozoites with transcriptionally active nuclei [14] . Each daughter cell rapidly re-organizes its motility apparatus and ventral disc for locomotion and attachment to remain in the small intestine. Among the 284 transcripts upregulated in cysts and excyzoites were encoded large numbers of proteins unique to Giardia, many components of the cytoskeleton, surface proteins, enzymes of intermediary metabolism, and a number of kinases and phosphatases (Table S1, Figure 1 ). Some putative adhesion and cell cycle transcripts were also upregulated. Transcript levels during excystation of in vitro prepared cysts may not totally reflect transcription in fecal cysts, although only mature cysts survive in water and can excyst. Moreover, excystation is highly synchronous because it is initiated by the large increases in temperature and hydrogen ions.
Additional genes unique to Giardia or diplomonads were upregulated specifically during S2 and 30-60 min post-excystation, forming a distinct cluster, termed "Excystation" (Table S1 , Figure 1 ). This cluster also included genes involved in the cytoskeleton, signal transduction, translation, and protein binding, folding, and transport. Nine transcripts formed a cluster that was down regulated in cysts and S1, but abundant in all other stages ("Down Cyst, S1", Table   S1 , Figure 1 ). Two encoded structural proteins, with the remainder being proteins unique to Giardia or diplomonads.
Trophozoites can colonize the human small intestine for weeks to years, living by uptake of small molecules from the host with little de novo synthesis [4] , as modeled by complex growth media [15] . Trophozoites derive most energy from anaerobic glycolysis or metabolism of arginine and many metabolic genes and pathways most closely resemble bacterial homologs [4, 8] . The transcripts most highly expressed by trophozoites were also present during encystation ("encyzoites", see below) and together formed a large cluster (Figure 1 , Table S1 ). This included pathways of energy metabolism, particularly arginine metabolism, translation, protein transport, cell structure or cell division, as well as cytoskeleton and signal transduction.
If trophozoites are carried downstream, they must encyst in order to survive outside the host [2, 4] . Crucial stimuli for encystation are transit from neutral pH and low bile concentrations near the epithelial cells to slightly alkaline pH and high bile concentration of the small intestinal lumen, as modeled in our encystation media [16] . Encystation is slower and less synchronous than excystation because not every cell may commit to differentiation immediately. Clearly, encystation is a gradual transition, with many shared transcripts ( Figure 1 , Table S1 ). Although many metabolic pathways have been identified, there is little detailed information on changes in metabolic activities during the giardial life cycle, aside from the general down-regulation of oxygen consumption during encystation [5] . Encystation is characterized by the appearance of large encystation-specific secretory vesicles (ESVs) [17] that export nascent cyst wall components, most notably three leucine-rich -repeat containing cyst wall proteins (CWPs) [16, 18, 19] . In addition, the cyst wall is composed of fibrils of poly-N-acetylgalactosamine [20] .
Overall, only 42 transcripts were specifically upregulated during encystation (Table S1, Figure   1 ). Importantly, they included CWPs, enzymes responsible for synthesis of cyst wall poly-Nacetylgalactosamine, and high cysteine non-variant cyst protein (HCNCp) [21] . Transcripts of 13 genes unique to Giardia were also upregulated during encystation. Another three sense transcripts, encoding a kinase and two proteins unique to Giardia, were upregulated specifically during both encystation and excystation ("Differentiation", Table S1, Figure 1) . SAGE of the Giardia lamblia life cycle highlights several key aspects of Giardia's biology.
First, the major transitions in the Giardia life cycle involve dramatic changes in the transcriptome. There appear to be major transitions in the transcriptome of Giardia between 42 hrs of encystation and the mature cyst form as well as between 60 min post-excystation and trophozoites. The changed transcription pattern at the end of encystation could be linked to the encystation-specific DNA replication step that generates a ploidy of 16N in the cyst [13] .
Second, excystation or encystation in Giardia involves a relatively small number of differentially expressed genes. Many encystation genes have been characterized [16, 18, 19, 21] , while a number of proteins of unknown function unique to Giardia remain to be explored for excystation.
Third, differentiation in Giardia lamblia is reminiscent of meiosis, in which the genome is first replicated without division and then divided twice without DNA replication [13] . It is possible that differentiation of primitive eukaryotes into cystic forms is an ancestral form of the sexual process [22] . SAGE analysis of the Giardia life cycle identified a number of kinases, phosphatases, and DNA replication proteins involved in excystation and encystation, which could be important for examining the role of cell signaling in protistan parasite differentiation. Overall, our SAGE data provide a rich resource for examination of gene expression profiles in the context of the Giardia life cycle.
SAGE Library
Total Tags Giardia lamblia was used for our transcriptome studies. To minimize genetic drift, a new clone "A11" was isolated just prior to our SAGE examination of the giardial life cycle. An ~80% confluent culture of trophozoites was used to inoculate 15 ml culture tubes at a density of 5x10 5 cells/ml and grown for 21 hours (log phase trophozoites). Encystation was induced in vitro as described by Sun et al. [16] from these log phase trophozoite cultures. Cells were harvested at 0 (trophozoite), 4, 12, 21, and 42 hr of encystation for total RNA isolation. Excystation was carried out by a two-step method [12] and total RNA isolated from water-resistant cysts, clustering was performed with all transcript SAGE frequencies log transformed, median centering for both transcripts and SAGE libraries, and clustering of both using centered correlation and the average linkage clustering method. ∆ denotes a sub-cluster of 4 transcripts upregulated during both encystation and excystation ("Differentiation" in Table S1 ).  denotes a cluster of 9 transcripts downregulated in cysts and S1 ("Down Cyst, S1" in Table S1 ). B)
Relative abundance of differentially expressed transcripts (sense only) presented as histograms color-coded according to the functional categories of their encoded proteins (see Fig. 2 ). Table S1 ). Table S1 ). Figure 1 ) and functional categories of their encoded products (see Figure 2) . Transcripts labeled as constitutively expressed had frequencies greater than 5 in at least one SAGE library (i.e. outside of sequencing error) and R < 2 (i.e. low variability among SAGE libraries). Gene information and SAGE data can be viewed at GiardiaDB (www.giardiadb.org) (June 2010 release). 
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